Abstract: A substantial part of automated material handling and assembly is the interface between machine and work piece. These end-effectors may be gripping devices which actually hold the object for moving or placing it within the working range of the machine. But the mere holding of an object while transfering it from one point to another is in most cases not the only function of a gripper. It may also be equipped with sensing capabilities and other features. This paper describes a gripping system for large building components, such as twodimensional panels or slabs and three-dimensional modules. The system comprises the gripping mechanism itself as well as its supporting environment. At first the different functions and the performance of the projected system are investigated and analysed. The second part deals with the design of the gripping system itself.
INTRODUCTION
A substantial part of automated material handling is the interface between material handling machine and work piece. The interface (end-effector) is where the machine's capabilities are utilized. In general end-effectors fall into two different categories: grippers and tools. Grippers are those devices that actually grip an object for moving or placing it within the working range. Using a gripper as end-effector, the path through the machine's working range is basically a point-to-point process. If the end-effector is not suited to the task, the task cannot be carried out satisfactorily. As construction work consists of various occupational categories it might by necessary to exchange the endeffector by the machine itself in order to execute a different operation. Other end-effector tools are spray guns, hammers, similar to tools used for industrial robots and for prefabrication of building components. End-effectors are usually specifically designed for their task. Because the highest workload of on-site construction consists of handling and assembly operations, the gripper-type end-effector is most interesting in this area.
BASIC GRIPPER MECHANISMS
Grippers can grasp work pieces, center and orientated them, and they include sensors to indicate, if a part is present or not. On the whole a gripper should be as lightweight as possible, for the maximum payload of a machine includes the weight of a work piece. Heavy loads should be held as close to the axis of grip as possible, so as to avoid high moments on the gripper and robot. For costeffectiveness, the gripper should be simple designed and manufactured, easy to maintain, and reliable. Essential gripper action is opening or closing its gripper, both the design of action and the structure of the gripper are very task specific, because products are not always specific. They have got many actions: Mechanical clamping is the most common mechanism, whereby pneumatic or hydraulic operated devices apply a surface pressure to the component. These grippers are available in different styles: parallel jaws, finger grippers, expansion/contraction grippers, and anthropomorphic hands. Parallel jaws hold a component between flat and/or veered surfaces. These devices can have one or two moving jaws. Finger grippers (parrot beak) either enclose the component, or hold it at the very tip of the jaws. Anthropomorphic hands usually contain three fingers that pick up and maneuver items. This hand could execute work similar to a human hand but it is still in the research phase and probably not suited for on-site application. However this technique can be applied for robot working in the maintenance of buildings and facilities which were designed human-orientated.
Magnetic clamping uses electromagnetism to hold the component. One particular advantage is that it is component independent. This technique might be used for reinforcement works.
The most common style of vacuum grippers is the use of suction cups arranged in a pattern to suit the component, with the vacuum being generated by an ejector or vacuum pump. This technique can be used for ceiling assembly, light interior and exterior wall element assembly, door and window assembly.
The piercing gripper punctures the component to lift it. The technique can be used for walls mostly in prefabrication or for insulating roofs on-site and other insulation works.
Considerations for the design
For assembly it is important to consider tolerances by providing the gripper with compliance which will allow inaccuracies in the shape and dimensions of components. Passive compliance means, that the part that is handled moves according to ease the assembly. Active compliance requires a sensor to detect the presence of a constraint. Multiple sensors may be used to detect the forces and torques on the part. This sensory information can be used by the machine controller to determine the best path to follow. During assembly operations a gripper is used to move a component in a three dimensional space. This movement generates dynamic forces at the component-gripper-interface as the gripper accelerates and decelerates during its task. Inertial forces can lead to damage of materials, so the design of the component and gripper must be checked against this eventuality.
Grippers should be fitted with part present sensors which can be mounted on the gripper itself. In the conception phase the gripper, all parts, and tools that the gripper manipulates must be considered. In many cases, whole families of parts must be manipulated by one gripper, so the gripperworkpiece-interface has to be designed accordingly with only slight modifications.
The geometry of the component is used to define the operational area which is related to the maximum component dimensions that can be accommodated without affecting the desired performance of the system. The mounting of the gripper to the machine is an important design factor. In many cases a compliant type gripper is required where the gripper adjusts to tolerances of the parts. Conventional construction cranes have an inherent compliance due to high repeatability. This allows the gripper little freedom and avoids heavy torque loads on the machine. Compliance can be in one, two or all three axis depending upon the requirements of the particular application. Compliance can be accomplished through the use of strings, rubber washers or remote compliant center devices (RCC). The latter are mostly utilized in assembly applications where slight offsets and misalignments are common place.
Provided that the object is gripped with sufficient compliance then small lateral misalignment can be corrected by allowing a chamfer to 'guide' two objects together. But if tolerances exceed the limits of passive compliance such as a chamfer then the robot systems use active compliance, where sensory feedback is used to reduce lateral and angular errors by physically driving the gripper to produce compensatory motions. The force sensors for such active compliance are usually located in the gripper itself, although some robot designs incorporate them into the joints of the robot, however the speed with which all systems can react is depending on how high a contact force is permissible.
Passive compliance using purely mechanical solutions to the problem seems to be practicable for on-site construction since it is more cost effective and faster if tolerances are within a certain range. Construction robots will not be as stiff as industrial robots, due to the need of lightweight robots for operations in the building on-site. The inherent compliance of a soft construction robot arm might some time solve the problem but such forms of structural compliance are not always suitable. If a building element, e.g. a column, is held 'loosely', it will hit the chamfer as it descends, developing a moment which brings the column off angular alignment. As it enters the hole of foundation this will cause jamming (which is retrievable locking by changing the direction of the applied force and moment) or wedging (which is irretrievable locking requiring that the column be pulled out an reinserted). The form of compliance which is in fact required would correct the lateral error. Some designs cannot cope with horizontal angular and simultaneously lateral inaccuracies. For these cases involving purely RCC devices, mechanical multi-axis compliance can be attached to the end of any robot wrist as a platform for the gripper itself. Any angular error sets up a moment which forces one part of the device to rotate without any lateral movement. A separate section of the RCC allows the first section to move laterally independently, without any rotation of the work piece.
Practical designs of RCC come in many forms, ranging from devices using sprung levers to those using pneumatic tubing to provide the correct response. Especially useful in assembly, all designs allow the use of minimal forces to achieve close tolerance fits and permit greater variability of parts' tolerances and cut down machine stoppages due to jamming and wedging. Higher tolerance insertions can be accomplished than a given robot could achieve alone, because lateral errors can be as large as the chamfer used, and even press-fit operations can be managed in which the (deformable) bolt used is actually slightly larger than the hole into which it is forced such as metal bolting of wooden joints. The design of a gripper is crucial for the success of robotic systems. As for industrial robots the gripper costs are between 10 and 20% of the total robot costs. Therefore the following points should be considered before the gripper is designed. The following sections describe a gripping system for large building components, such as two dimensional panels or slabs and three dimensional modules. The system comprises the gripping mechanism itself as well as its supporting environment. Table 1 . Check-list for selection and design of grippers [1] 3 FUNCTIONS OF THE PROJECTED GRIPPING SYSTEM
Analysis of functions
In this section the different functions of the gripping system are analysed. The gripping system is mounted on the material handling machine (e.g. Gantry or tower crane). Its functions include the conversion of mechanical energy into the object's linear and rotating movement and into gripping forces. In addition different sensors are implemented: This may be information on the integrity of connection when the module is assembled at its final position in the building -a mechanism to adjust to different shapes of the object (2D / 3D), to different size and weight of the object and to different allocations of connectors mounted on the object -a system for the bilateral forwarding of the complex control and sensor data mentioned before
The projected gripping system is designed to lift and move building modules to their final position in the building and to connect them to the foundation or to already assembled modules. As it is to be an (at least semi-) automatic controlled system the basic mechanical properties are extended by sensors and data transmission. The main components of the complete system (see Figure 1) are the platform, a certain number of grippers mounted on it, the crane control unit and the building component to be handled. The gripping element uses mechanical force for translation and rotation and is equipped with the sensors mentioned above. The sensor information is transmitted to the crane control unit. The control unit collects the information from the sensors, processes them and converts them into control instructions for the gripping system including gripping motion, translation, rotation and − if necessary − also for the purpose of active compliance. 
Assembly process
The on-site assembly process is performed the following way:
A prefabricated building element (two-dimensional panel/slab or three-dimensional module) is delivered to the construction site by a truck. It is equipped with connectors for two purposes: On the one hand the connectors ensure automatical placing and fixing of the building element at the final position in the building. On the other hand they serve as fixtures for the material handling machine while transferring the building element on-site.
The material handling machine is equipped with a platform like crane supplement which contains several grippers correlatively to the connectors of the module. Using a human-machine-interface the platform is lowered above the module to let the grippers take contact of the connectors.
An auto-identification label such as a barcode tag or a transponder ensures the identification by the corresponding identification device mounted on the platform. The identification information is transmitted to the crane control unit, as well as additional information provided by other sensors (position, collision...).
Then the building module is lifted and moved towards its final position. The crane control unit controls translation and rotation of the platform. When placing the module at its final position, the status of the connectors is read again by the sensors of the platform and transmitted to the control unit for evaluation against the database entry. If the position is properly reached and the connection status is correct, the crane control unit sends a detach instruction to the gripper. Now the gripping unit is detached and moved to the next building module to be installed.
The degree of automation of the material handling machines will have to be examined. In the future the crane control unit could process the data of the onsite database and generate all data needed to place the gripper for lifting the building component (fully automated material handling).
Since the implementation of an active compliance system is cost intensive and subject to errors, a passive compliance system consisting of adapted gripper claws and centering arms was developed (see description below).
In order to ensure error free on-site assembly additional quality control routines can be implemented. The building components are checked before unloading, e.g. if the correct modules are delivered, if the connector status is error free etc. Such pre-assemble checks minimizes errors that may cause expensive turn downs of the system. The gripping system can be implemented for the most sizes of components. 2D panels and 3D modules are provided with a certain number of connectors, which provide connection between the prefabricated modules as well as between the gripper and the modules while lifting, positioning and assembling.
DESIGN OF THE GRIPPING SYSTEM
This section deals with the design of the gripping system itself. It consists of several grippers mounted on a platform. Such a platform is a mechanism working as a suspension and positioning tool in the pre-assembly plant as well as on the construction site. The grippers correspond to the connectors mounted on the building module to be handled and they have to adjust to shape, size and weight of different modules. A part of the functions which have been investigated above will be implemented in the system.
Platform
The platform is a highly variable tool which can be hooked to a wide range of cranes, where there is a stiff base from which to suspend a multitude of workcells or objects to position. Additionally the platform is equipped with grippers in its middle for the handling of two-dimensional elements such as floor slabs or wall elements.
At the moment the platform is designed for solely vertical movement of the building element. Only tension forces, no bending moments can be transmitted by the gripper. The connections of all building elements are designed for vertical assembly direction.
Gripper
A platform as described above is used as a basis for the grippers which are mounted on its lower side. Between the claws three centering elements are attached to the basic body of the gripper at an angle of 120° to each other. They are connected by a ring and adapt to fabrication and positioning tolerances of the connector and of the building module. This way passive compliance is provided.
